Tritium and argon-39 measurements of stone and iron meteorites are reported and discussed. The tritium values of stone meteorites are in general higher than those found in other laboratories. The tritium decay rates in irons were low but a relatively high tritium value was measured in the rim of the meteorites. Factors which may influence the production rates are discussed and it is concluded that the average cosmic-ray flux which irradiated the meteorites must be at least a factor of two higher than the values reported by MacDonald for the cosmic-ray intensity at the top of the earth atmosphere.
During the last two years a number of publica tions have stimulated the discussion on cosmic-rayproduced tritium in meteorites. Encouraged by this we have re-examined our measurements which were completed a couple of years ago. A part of our ear lier results has already been published 1-6. However, we have to revise some of the data due to a re-deter m ination of the counting efficiency, and because a large num ber of samples were re-measured in a proportional low-level tritium counter afterw ards'. Studies of tritium diffusion through palladium 8 have since been made, and we felt that the sampling method and the experimental procedure should be described in more detail, as this had not yet been done in earlier publications. New results, for in stance the tritium concentration in the rim of iron meteorites, are also included in the present report.
Before we started our measurements, a number of tritium determ inations were published, and since we completed this experiment some more measure ments have been added. However, about one-third of all known tritium determinations in meteorites were made in our laboratory (measurements under the same experimental conditions).
Since, for the diffusion problems, the concentra tion of other rare gases in the meteoritic samples is of great im portance, parallel measurements of N thium content the activation analysis of K r a n k o wsk y and M ü l l e r 8c. The results of Table 1 were used for an estimation of the tritium and argon-39 p ro duction in meteorites. For tritium the main constitu ent of the meteorites, and for argon-39 iron, nickel and potassium 8d are of importance. The lithium content is of interest for an estimation of the tritium production by neutron capture. The individual meas urements can be compared with average values given for ordinary chondrites, eucrites and aubrites 8e.
The meteoritic samples were stored in glass con tainers. The storage room was kept free from any radio activity. The storage temperature was between 20 °C and 26 °C, the average humidity lower than 60% in winter and 70% in summer. The stone samples were cut on a clean working table with hammer and chisel. Then they were ground to grain sizes ranging from some tenthts of a mm to a few mm. Using a hand saw, the iron samples were cut slowly enough to avoid un due heating. Individual pieces of the samples were on the average much bigger than in the case of stones. All tools used were carefully checked for contamination by means of dummy experiments. The samples were carefully mixed and different aliquots prepared. For tritium and argon-39 measurements, samples weighing between 10 and 20 g were introduced into the sample tube of the degassing line and pumped for some hours, before the gas extraction started.
2. E x p e rim e n ta l P ro c e d u re Figure 1 presents the degassing apparatus for the extraction of tritium and argon-39 from the sam ples. The samples were heated by induction heating to about 1700 °C under vacuum. Hydrogen was se parated from the bulk of the gases by diffusion through hot palladium. The hydrogen was pumped into a tritium counter (either GM or proportional counter) and the rare gases after purification into a small GM counter. The most important details are described below.
Extraction of tritium and argon-39
For coupling with the high-frequency field, we used an outer crucible of molybdenum, a material which, from our experience, gives good results with respect to complete extraction of hydrogen and which does not evaporate extensively. After many trials we selected alumina as being the most suitable material for lining the Mo crucible in order to protect it against the re action with the stone and iron melt. In some cases, however, we had chemical reactions between the alu mina and the meteorites at very high temperature. In order to avoid a violent evaporation of the sample, we placed an alumina lid on top of the crucible. Table 2 presents the degassing procedure and the different operational conditions. The gases freed from the sample, operation 5, were continuously pumped into 8c D. K r a n k o w s k y and O. M ü l l e r , Geochim. Cosmochim.
Acta 28, 1625 [1964] . F. B e g e m a n n , E. V i l c s e k , and E. W a n k e , E arth and P la netary Sc. L ib e rate d gas p u m p ed off 3) Cooling dow n a n d " s a tu r a tio n " w ith the middle part of the vacuum line by means of a mercury diffusion pump and an automatic Toepler pump. After a heating period of about 2 to 3 hours, carrier hydrogen and argon were added and the sample reheated for about half an hour in a hydrogen and argon atmosphere. This hydrogen was in turn trans ferred to the separation line. As considerable quanti ties of water can be extracted from some meteorites, we had to transform the water into hydrogen. This was done by hot beryllium (1000 °C). The decomposition of water was accelerated considerably by using a circu lating gas flow through the hot beryllium oven. A hot rhodium filament was used to crack hydrocarbons. The residual gas which did not diffuse through hot Pd (mainly a mixture of 0 , N and noble gases) was puri fied using Ca and CuO furnaces. For each extraction the procedure was re-cycled (operations 5 and 6) and the gases from the second run put in another GM counter. From these runs we found that after the first heating cycle, the remaining gases were less than 10% of the previous quantity. Before starting, a blank was done to check the procedure and the background of the whole gas-handling equipment.
An experiment was performed for determining the diffusion conditions of hydrogen isotopes through pal ladium. It was shown 8 that at a palladium temperature of 450 °C (our particular working conditions), practi cally all tritium diffused through palladium.
The counters and counting procedure
The GM counters for tritium are Kovar-metal cylin ders of 40 mm diameter and 210 mm length (volume: about 150 cm3), with a 0.09 mm stainless-steel centre wire. About 100 Torr self-quenching gas (55% argon and 45% ethylene) was used. A good plateau of 300 V length wT ith less than 3% per 100 V slope was obtained. The counter characteristics were essentially the same when up to 200 Torr hydrogen was added.
The GM counter for argon-39 had a volume of about 10 cm3, a diameter of 10 mm and wras 80 mm long, with a plateau of 100 V length.
Three tritium-GM counters were placed simultane ously in an anticoincidence ring of 36 GM counters w'hich vetoed the events from charged environmental particles. The whole anti-coincidence apparatus was placed in a shield of 20 cm iron with an additional M eteorite, 3H c o n te n t (dpm /g) 39A (dpm /kg) recovered m ass, R u n G-M P ro p . Aver-F ro m o th er P re se n t O th e r fall d a te , supplier c o u n te r c o u n te r ag e* * * lab o ra to r. w ork la b o ra to r. Table 3 . T ritium and Argon-39 contents in stone meteorites. 9 F. B e g e m a n n , P. E b e r h a r d t , and D. C. H e s s , Z. Naturforsch. 14 a, 500 [1959] .
layer of 20 cm of lead on top. For the small argon counters, an anti-coincidence system was used consist ing of a plastic scintillator, which had a slightly higher anti-coincidence efficiency than the GM counter ring. Under these conditions the background of the GM counters for tritium was ^ 2.5 cpm, and for the argon counters about 0.2 cpm.
The counting rates measured in the GM counters became stable about 1 -2 days after adding hydrogen. The counting of tritium and argon-39 was extended over more than a week, in many cases up to a month. Only after the stabilization period the counting rates (measured at intervals of 12 hours) were considered for the evaluation of the decay rates.
The special proportional counter used for precise tritium measurements was described elsewhere7. The background and stability of the counter were very satis factory. For the 600 cm3 volume, a background of only 0.30 to 0.35 cpm was obtained. (For more details, see Ref. 7 .)
The counters were calibrated using (i) a tritiated water standard supplied by the NBS; (ii) "reference" tritium and argon-39 gaseous sources; the absolute ac tivity of these sources was determined by a special GM counter which had a ß window all along its cylindrical wall, allowing a precise determination of the sensitive volume with a collimated ß source.
Results
The tritium concentrations measured by the me thod described above are listed in Table 3 . For most of the meteorites, more than one tritium measure ments was made. For a single meteorite, tritium val ues scatter considerably, but we estimate that only a small part of these variations is due to experimental uncertainties. All param eters possibly influencing the result were studied extensively, for example, the degassing of the sample, the diffusion through pal ladium, the counter plateau, the stabilizing time for the counter and the background fluctuations. We estimate that all these influences contribute to a m a ximum error of 30% (see also next chapter).
The fact that tritium measurements on the same gas samples were done with a GM counter and with a proportional counter made it possible to reduce systematic errors of the activity determination.
In our laboratory, tritium production in targets was measured using a very similar apparatus. This allowed to study all the effects influencing the ex traction procedure more easily because of the higher tritium activities involved. Because of the large am ounts of hydrogen (carrier hydro gen and gas from the sam ple), two or three GM counters had to be used; the large error is due to sm all differences betw een sam ple counting rates and the background rates.
Some samples from the surface of the iron me teorites Sikhote-Alin and Aroos have been examined for tritium . The results are presented in Table 4 . The high tritium concentration in the rim is sur prising. We shall discuss this below.
The argon-39 results are given in Tables 3 and 4 . The values are essentially the same as in our previ ous publications. A re-calibration of the counters raised the activity level by about 20%. The errors due to statistics and to background fluctuations are larger than for tritium , but the degassing, chemical and diffusion problems are simpler; therefore, the over-all error is estimated to be 30%. In spite of the differing chemical composition of the samples, the total variations are smaller than for the tritium re sults.
Discussion of the Results
We would like to discuss the results of Table 3 from different aspects: (a) a comparison of the GM counter measurements and the proportional counter measurements; (b) sources for the scattering of the tritium content of different samples of the same me teorite, and (c) the discrepancies between the pre sent values and results of other laboratories.
(a) For nearly all measurements the results for tritium concentration measured by the GM counter and by the proportional counter are within the limit of errors the same. Only for two measurements, M acibini (M 13) and Tataouine (M 10), the values obtained by the two counters show larger differen ces. For Tataouine the counting statistics are the lowest of all measurements (because of the early fall date and the small amount of m aterial available), so that we had to allow for an exceptionally high erro r of 70% for the GM counter 28 and about 40% for the proportional counter. In the case of Macibini the counting statistics are better. We attribute the discrepancy between the two measurements to ac cidental tritium losses during the transfer of the gas from one counter to the other. In principle, the con fidence level is higher for the proportional counter measurements as only pulses are accepted which correspond to a ß energy between 1.5 and 20 keV, and as the background of the proportional counter is much lower than the one of the GM counter.
(b) For some meteorites the values measured in different samples show large differences. High fluc tuations are found for Ramsdorf, Forest Vale, Abee and Macibini. The counting statistics in all cases are lower than 20% and because of the agreement between GM and proportional counter measurements we must assume that we have real differences in the tritium concentrations. We assume that in principle the higher tritium values for a meteorite have a higher confidence level as we cannot expect tritium gains but rather losses. It was checked by blanks that no tritium was left in the apparatus before start ing each run. We also have to allow for the possibi lity that even neighbouring parts of the same me teorite have different tritium concentrations.
(
and the same is the case for Bruderheim. For these differences we can only use the gen eral argum ent given above.
We found for the tritium content of Bruderheim, Kunashak and Elenovka good agreement with the published values, but our average values are, in general, a factor of 2 higher than the results of other laboratories for all meteorites. The only ob vious explanation for this fact might be that extrac tion of tritium from the meteorite samples is in gen eral more complete with our procedure 29.
For argon-39 our values for iron meteorites are in agreement with other results. Larger discrepan cies occur for Sikhote-Alin. It is expected that this large meteorite may have an argon-39 concentration of at the most half of that of a small meteorite ex posed in a 4 -tt geometry. Thus we have to account for a maximum argon-39 value of about 40 dpm/kg for a small iron meteorite.
The argon-39 values for stone meteorites are higher than the average values reported by other laboratories. We think, however, that a contamina tion with argon-39 is very improbable. The high argon-39 values are therefore in the same line as the high tritium values.
29
In the past, tritium contam ination of a collection of me teorites was discovered in the M ax-Planck-Institut for Chemistry in Mainz w here tritium was used for other stu dies. We cannot exclude with certainty a sim ilar occurence in our case, but no indication of such a contam ination was discovered. We are grateful to Professor H. W ä n k e for drawing our attention to this possibility and also for useful criticism .
We have carefully studied the possibility of large systematic calibration errors in our procedure; how ever, to bring all our measurements a factor of 2 or more down, counting efficiencies between 130% and 170% would result. As we have used a series of about 10 argon-39 counters and about 20 tritium counters, different electronic channels and different anti-coincidence arrangements, we feel safe in ex cluding large systematic counting errors.
Production rates
Tritium and argon-39 production rates were cal culated for four different meteorites using crosssections30 and cosmic-ray flux densities 31, 32a,b from the literature. For elements for which the tritium production cross-sections were not measured direct ly we interpolated the production cross-sections for these elements by using a j A2 dependence. The ratio a ( 38A r ) / ( 39A r ) for iron was taken equal to 2 for all energies. Experimental values exist for 600 MeV 30 and 2 GeV 16. The argon-39 production from K and Ca was taken as 7450 dpm /kg K and 60 dpm /kg Ca, respectively 8d. The cosmic-ray spectrum at a depth of 10 g/cm 2 and 100 g/cm 2 was taken from A r n o l d et al. 31 .
The results of the calculation are given in Table 5 ; from this we can see that the tritium production should be nearly the same for all meteorites and that the differences between the production at 10 g /cm 2 and 100 g/cm2 depth are small. The argon-39 production rate for the different meteorites varies considerably. It is interesting to note that the esti mated values are on the average a factor of 2 -3 lower than our measured values for tritium and argon-39 in the case of stone meteorites. Assuming a secondary-particle spectrum like the one given by A r n o l d et al. 31, 33, which they have derived from the prim ary cosmic-ray spectrum ob tained by M c D o n a l d 32a> b, we would need an inte grated flux above 100 MeV of 15 particles/cm 2/sec in order to explain a tritium production of 1.2 tritons/m in/g, in a meteorite of about 20 kg postatmo- spheric mass. This flux is about three times higher than the flux calculated from the assumed spectrum and the absolute intensities given by A r n o l d et al. Several authors have also proposed that the particle fluxes producing tritium and other isotopes must be higher. In particular, the intensity of the ga lactic radiation in the aphelian region of the me teorite must be higher than the one measured near the earth 22, 34_36.
The measured argon-39 production rate in iron meteorites agrees with the calculated values, but tritium and argon-39 in stone meteorites are 2 -3 times higher than estimated. To explain this we have the following possibilities:
(i) The iron meteorites are larger than the stones' so that the iron samples were shielded and not ex posed to the maximum flux densities. The stone me teorites, on the other hand, would have been ex posed to a three times higher flux as shielding of the samples in these small objects is negligible.
(ii) Stone and iron meteorites have different space history. The average cosmic-ray intensity is differ ent along the orbits of the meteorites.
The tritium production in stones and the argon-39 production in iron would agree if, in general, the iron samples had been shielded by about 100 g/cm2 more material than the samples of the stone meteo rites. We therefore conclude that for the average stone sample the cosmic-ray flux was less shielded than in the case of the average iron samples and that the cosmic-ray flux above 100 MeV was about a factor of three higher than normally assumed. Figure 2 indicates that there exists a size depen dence of tritium concentration in stone meteorites. As abscissa in Fig. 2 we have tentatively chosen the recovered mass of the meteorites. The size effect, which is often masked by other influences, can only be expected to show if the recovered mass is related to the pre-atmospheric dimensions of the meteorite. As could be expected from the high-energy produc tion mechanism, the tritium production per gramme rises with increasing size of the meteorite to a maxi-33 In the original paper of A r n o l d et al. are some typographi cal errors concerning the formula of the particle flux den sities (Lal personal comm unication). We used a corrected copy. low to calculate the tritium production due to neu tron capture in Li. In the case of Abee which is the Li-richest meteorite in our list, the tritium produc tion due to neutrons is much below 0.01 dpm/g. The size dependence of the tritium production by high-energy spallation can explain the general trend of the average tritium values given in Table 3 , but cannot explain the large individual fluctuations of the values.
J. G e is s , H. O e s c
Besides the discussed tritium production by highenergy particles and slow neutrons, we have also to consider other sources for tritium . There exists, first, the possibility that isotopes like 3He and tritium are gathered from the solar wind along those parts of the meteoritic orbit which are near the sun n ' 16, 22. In most of the cases the surface layer in which tri tium has been accumulated will be lost in the passage through the atmosphere. It is generally assumed that at least 10 g/cm2 are ablated 40. However, K a y e 41 finds from 59N i/53Mn ratio that some surface areas 40 E. F i r e m a n , J. of the meteorites did not undergo appreciable abla tion. P r i c e e ta l. 42 and C a n t i l a u b e et al. 43 arrived at similar conclusions, in studying trades of heavy cosmic ions in meteorites. F i r e m a n et al. 44 have shown that tritons emitted with kinetic energies > 85 MeV could explain the high tritium decay rates in recovered m aterials from satellites. These tritons penetrate 3 -4 g/cm 2 of material. From these meas urements the triton flux density between 85 MeV and 200 MeV is estimated to be 20 3H/cm 2/sec.
Further, solar protons of several tens of MeV energy and of a flux density more than one order of magnitude higher than the galactic cosmic-ray flux densities could also provoke considerable tri tium production. L a l et al. 45 have recently calculat ed the nuclear effects of solar particles in the near surface region of meteorites. Tritium production be tween 10% and 50% of the galactic production can be expected. However, Lal used for the tritium pro duction a cross-section of 4 mb in the energy inter val between 20 and 250 MeV. According to Ref. 30 we would rather propose a cross-section of 8 mb, which means that in the most favourable cases the tritium production near the surface due to solar protons could be nearly twice the production due to galactic protons. Therefore, in the pre-atmospheric body, tritium fluctuations of a factor of 2 -3 could be expected. The different values given in Table 3 , however, rem ain unexplained as not all the samples with high values were located near the original surface. In this situation we used for the following calculations of the exposure ages average tritium values for each individual meteorite. From the results obtained for the different meteorites, we do not have sufficient evidence to assume that the tritium production rate for all meteorites is the same.
Tritium in the rim of iron meteorites
Some samples from the surface of the iron me teorites Sikhote-Alin and Aroos, have been exam in ed for tritium. In these surface samples the tritium per gramme of meteorite varies considerably, but if the tritium decay rate measured is related to the individual surface area of the samples the tritium content is remarkably constant, as already shown in Table 4 . For the same meteorites, the tritium contents of inner samples are shown for comparison. For the inner samples, the tritium concentrations are well below the calculated values of about 0.3 dpm/g of iron (see Table 5 ). According to the curve of Fig. 2 and from the calculated ratio of 0.75 for tritium content in iron and stone meteorites at 100 g/cm2 depth, we would expect for Aroos a tri tium content of 0.5 dpm/g.
We have carefully checked the possibility of "tri tium contamination" during the terrestrial residence of the samples, in particular in our laboratory, but so far could not find any hint of such a possibility. Hence we have to conclude that the tritium in the surface of these two iron meteorites is of extra terrestrial origin.
With an expected tritium concentration of 0.5 dpm/g in iron-nickel material, the average value of 2.7 dpm/cm2 found in the rim of the meteorites cor responds to a tritium-containing layer of 5 -6 g /cm 2 or 6 -8 mm thickness. So, if only a layer of 6 -8 mm in the rim would retain the tritium ex pected to be produced in outer space, the measured decay rate could be explained. It would then follow that all the rest of the iron meteorite has lost its tritium.
Tritium losses in space are judged, according to the 3He content of the iron, as being in general 3H (dpm /g) 39A r (dpm /kg) M eteorites A t 10 g /cm 2 A t 100 g /cm 2 M eteorites A t 10 g /cm 2 A t 100 g/cm 2 d e p th T able 5. 3H and 39Ar production rates.
42 P . P r i c e , R . R a j a n , and A. T a m h a n e , J. G e o p h y s . R e s . 72, 44 E. F i r e m a n , J. d e F e l i c e , and D. T i l l e s , P h y s . R e v . 123, 1377 [1967], 1935 [1961] . 43 Y. C a n t e l a u b e , M . M a u r e t t e , and P . P e l l a s , D ating and 45 D. L a l , R . R a j a n , and V . V e n k a t a v a r a d a n , Geochim. M ethods of Low Level Counting, IAEA, Vienna 1967, p.
Cosmochim. Acta 31, 1859 [1967] . 215.
small. Tritium losses from iron meteorites during their terrestrial residence might be high according to H i n t e n b e r g e r et a l.4e, due to weathering of the grain metal surface. Tritium loss after the fall is also proposed by FlSH ER47 as a reasonable explana tion for the " missing tritium " . To check whether tritium was retained by the iron during the melting of the meteorite sample in the laboratory, B a i n -BRIDGE et a l .10 burnt some samples from Aroos. They did not find any tritium.
A very im portant experiment was carried out by F e c h t i g et al. 48 who produced tritium in the Sikhote-Alin meteorite by bombardment with 600 MeV protons. The diffusion behaviour of this tritium should be exactly the same as the diffusion of cosmogenic tritium in the meteorite during its terrestrial residence. The authors conclude that the tritium can escape from the iron meteorites within a few weeks or months after their fall. In space the meteo rites retain tritium until it decays into 3He, but when the meteorite hits the earth it shatters, or cracks, or is weathered along grain boundaries and tritium is permitted to diffuse out of the meteorite. Fisher supposes that in this way Sikhote-Alin has lost its tritium on earth.
L o v e r in g et al. 49 have shown that a post-atmospheric layer of 5 -7 mm was subjected to tem pera ture changes during the passage through the atm o sphere. In this surface rim a tem perature gradient from low temperatures up to 1500 °C existed for a short time interval. Therefore different types of al terations in the rim due to certain tem perature con ditions can be expected ("Tem perature alteration rim " ).
Taking into consideration the above arguments, we would like to propose some hypotheses to ex plain our results on tritium concentration in the rim :
i)
The heat-mechanical shock when entering the atmosphere can influence the crystal structure so that the num ber of crystal dislocations is increased considerably in the rim. These dislocations are ca pable of trapping hydrogen. This bond should be strong enough to prevent diffusion of the rim-hydrogen. ii) The large range of temperatures near the me teorite surface and the presence of impurities makes the form ation of several stable hydrides possible. In this bound form hydrogen can be retained in the meteorite.
H . H i n t e n b
iii) Certain compounds of iron, which could be formed in the rim during the passage through the atmosphere due to the high temperature, are ca pable to absorb large amounts of hydrogen.
E x p o su re Ages
For the estimation of exposure ages we have used the pairs 3H -3He and 39Ar -38Ar. We assume:
i) the production of 3H and 3He in meteorites by cosmic radiation is about the same: we used the 3H /3He production ratio 1.2;
ii) for 38Ar and 39Ar a production ratio for the whole energy spectrum equal to that measured at 600 M eV; we used 38A r/39Ar = 2;
iii) the spallation products are accumulated with out large distortion during the whole time interval in question; factors such as diffusion and space ero sion which influence the estimation of exposure ages are considered as being small.
The spallogenic 38A r and 3He were measured by K i r s t e n et a l .50. The contribution of primordial gases to 3He and 38A r was deduced; the final values used are given in Tables 6 and 7 which present the exposure ages of stone and iron meteorites, includ ing results of other laboratories. In column 4 of Table 6 we have listed the ages derived with an average size-dependent tritium production rate (curve Fig. 2 ). As can be seen, the ages in this column deviate sometimes considerably from the values in column 3 . F i s h e r 4' and H e y m a n n 57 already pointed out that individual production rates lead to quite im portant variations in the published exposure ages. Our exposure ages do not show clustering as pro posed by G e is s , O e s c h g e r , and S i g n e r 34. It is gen erally assumed that diffusion of rare gases and tri tium does not play an im portant role in the minerals form ing the stone meteorites as the space tempera ture of meteorites is low 58, 59 and the diffusion con stants are sm all46,58,60~62. Diffusion losses of argon in irons are in general very low. J J . L o v e r i n g , L . P a r r y , and J . J a e g e r , Geochim. Cosmo chim. A cta 19, 156 [I9 6 0 ]. 50 T. K i r s t e n , D . K r a n k o w s k y , and J . Z ä h r i n g e r , Geochim.
Cosmochim. A cta 27, 13 [1963] . In 10 8 cc (STP) per gramme of meteorite. Table 7 . Exposure ages of iron m eteorites (Ages in millions of y e ars).
